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A B S T R A C T

Wurtzite BAlN alloy with large bandgap is an emerging material system for UV optoelectronic and power de-
vices. In this study, the BAlN/GaN heterojunction with a sharp interface and uniform distribution of the elements
was formed by careful control of epitaxial conditions to avoid GaN desorption and parasitic reactions whose
band alignment was then measured for the first time. The valence band offset (VBO) was found to be nearly-zero,
i.e. −0.2 ± 0.2 eV, in the B0.14Al0.86N/GaN heterojunction by X-ray photoelectron spectroscopy. Additionally,
the conduction band offset (CBO) is estimated at 2.1 ± 0.2 eV, which is the largest reported CBO among epi-
taxial GaN-based heterojunctions. In comparison to the type-I Al0.75Ga0.25N/GaN heterojunction (both
Al0.75Ga0.25N and B0.14Al0.86N alloy have the same bandgap of 5.7 eV), the CBO and VBO of the B0.14Al0.86N/
GaN heterostructure are significantly larger and smaller, respectively. The nearly-zero VBO and the very large
CBO of the B0.14Al0.86N/GaN heterojunction could potentially lead to considerable performance enhancement
for GaN optoelectronics and power electronics devices.

1. Introduction

GaN has an energy bandgap of ∼3.4 eV with a large breakdown
field of 3.3MV/cm. Due to these two inherently material properties
relevant to power devices, GaN and its ternary alloys such as AlGaN
have been widely studied and applied [1]. In the past decade, both
lateral power electronics based on an AlGaN/GaN heterostructure [2,3]
and vertical GaN devices [4,5] have been implemented. By taking ad-
vantage of the discontinuity of the polarization in the conventional
AlGaN/GaN heterojunction, a relatively high density (∼1013/cm2) of
two-dimensional electron gas (2DEG) can be easily formed at hetero-
junction interface, leading to a lateral high electron mobility transistor
(HEMT) [2]. To further improve the transport properties of such tran-
sistors and to have superior electrical characteristics, a high density of
the 2DEG with large electron mobility is necessary. However, the cur-
rent configuration of the GaN transistors using the AlGaN/GaN lateral
heterojunction limits its power handling (only a few kW maximum) due
to the existence of interfacial defects and electron scattering mechan-
isms in an AlGaN/GaN structure [6]. Furthermore, a space between the
gate and drain in a HEMT has to be large enough to achieve relatively
high breakdown voltages, thus a larger bandgap of semiconductor

material might be preferred in the barrier layer [7].
Wurtzite BAlN alloy possesses a large bandgap of ∼6.5 eV [8,9]. An

earlier study has shown that it is beneficial to introduce B in the AlGaN-
based multiple quantum wells in the active region of emitters, where
the UV light emission could be significantly improved by at least four
times [10]. High reflectivity distributed Bragg reflectors based on high
refractive index contrast BxAl1-xN/AlN structures have also been re-
ported [11]. However, due to the strong parasitic reaction in reactor,
small diffusion length of the B atoms and the possible phase separation,
the B-composition of the BAlN alloys remains low [11]. Until recently,
we have successfully grown single-phase BAlN layer with high-boron
composition above 10% by metalorganic chemical vapor deposition
(MOCVD) [12–14], which paves the way for the exploration of BAlN-
contained heterojunctions for device application. We have also reported
the band alignment of the BAlN/Al-rich AlGaN heterojunction for deep
UV optoelectronics [15]. For GaN-based power electronics and near-UV
optoelectronics, furthermore, BAlN could be employed for enhanced
device performance as well. For instance, BAlN could serve as the
barrier layer by replacing the AlGaN layer to form a BAlN/GaN het-
erojunction in a HEMT. In attempting the possibility of adopting a
BAlN/GaN heterojunction in such devices, the band lineup at the BAlN/
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GaN structure is an essential factor since it influences the 2DEG density
and the carrier transport. However, the growth of such heterojunctions
and the corresponding band alignment measurement have not been
reported.

In this work, we measured the band lineup, including the valence
band offset (VBO) and conduction band offset (CBO), of the MOVPE-
grown B0.14Al0.86N/GaN heterojunctions. The growth conduction of the
B0.14Al0.86N layer on GaN template was optimized. The structural
quality and the element distribution of such heterojunction were also
investigated by transmission electron microscope. Additionally, we
calculated the band structures and 2DEG density by using a
B0.14Al0.86N/GaN and AlGaN/GaN heterojunction for a typical HEMT,
respectively. The results are compared and analyzed.

2. Material growth and methods

Three samples were prepared by an AIXTRON close-coupled sho-
werhead MOVPE reactor using triethylboron (TEB), trimethylalumi-
nium (TMA), trimethylgallium (TMG), and NH3 as precursors with H2

as the carrier gas. Sample A has a thicker B0.14Al0.86N layer (40 nm)
deposited on an AlN template, Sample B is a GaN template (3 µm), and
Sample C is a B0.14Al0.86N/GaN heterojunction with an approximately
3 nm thick B0.14Al0.86N layer. Fig. 1 shows the schematics for the three
investigated samples. It is important to note that the growth of sharp

B0.14Al0.86N/GaN heterointerface is more challenging than that of the
B0.14Al0.86N/Al0.7Ga0.3N heterointerface we grew previously [15] be-
cause of the well-known issue of GaN surface desorption amid the
growth condition ramping process. Thus the delicate control of NH3

was important to suppress the GaN desorption. The flow of NH3 was
kept at 1.29× 10−1 mol/min while the reactor temperature was
ramping up to the growth temperature of unintentionally-doped (UID)
GaN film (1075 °C). During the GaN growth, the flow of NH3 was in-
creased to 1.70×10−1 mol/min. Then the flow of NH3 was tuned
down gradually to 3.35×10−3 mol/min after the completion of the
UID-GaN growth while the temperature of the reactor was ramping
down to 1010 °C, preparing for the BAlN growth. Due to the strong
parasitic reaction between NH3 and TEB, the NH3 supply was kept at
such low supply rate (3.35×10−3 mol/min, similar to the growth
condition of BAlN in Ref. [15]) to avoid any precipitation and in-
corporation of premature reaction by-products in the BAlN layer until
the growth was fully completed to ensure the formation of the
B0.14Al0.86N/GaN heterojunction with the sharp interface.

To verify the epitaxial relationship and interface quality, a high-
resolution scanning transmission electron microscopy (STEM) was used
(FEI Probe-corrected Titan). The chemical distribution for the boron,
nitrogen, gallium elements in the various layers was also carried out by
collecting electron energy-loss spectroscopic (EELS) spectra. FEI Helios
scanning electron microscope was used to prepare the TEM sample. A

Fig. 1. Schematics of the three investigated samples.

Fig. 2. (a) A cross sectional STEM image showing the interface of the B0.14Al0.86N/GaN heterojunction. (b) FFT patterns of the B0.14Al0.86N and GaN layer marked by
the square A and B, respectively. (c) EELS elemental distribution of Ga, B, and N at the junction.
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high-resolution X-ray photoelectron spectroscopy (HR-XPS) was im-
plemented to collect the energy core levels (CLs) for each element and
photoemission spectra of the individual layer. This technique is widely
adopted to investigate the VBOs of two semiconductor materials at the
interface including our previous studies [15–18]. The B0.14Al0.86N layer
of Sample C must be thin enough to allow the CLs spectra from the
bottom GaN layer to be detected. A slight surface oxidation could
happen due to the air exposure in the process of wafer transferring

between the MOVPE chamber to XPS chamber but we did not perform
any additional wafer cleaning to avoid unnecessary possible surface
contamination. The XPS study was performed in a Kratos Axis Supra
DLD spectrometer which has a monochromatic Al Kα X-ray source
(hν=1486.6 eV). The details of the spectrometer setup can be referred
elsewhere [15,16]. The C 1 s peak (binding energy is 284.8 eV) was
used as the reference to extract the values for all CLs. The resolution
limit in the equipment is smaller than 0.1∼ 0.2 eV.

3. Results and discussions

The STEM result in Fig. 2(a) exhibits an abrupt interface at the
heterojunction. A layer of 3.6 nm B0.14Al0.86N is identified. Fig. 2(b)
represents two Fast Fourier Transform (FFT) results corresponding to
the B0.14Al0.86N and GaN layer, indicating a good epitaxial alignment
along (0002) direction between the two layers with a single-phase
wurtzite structure. Fig. 2(c) displays the elemental distribution of B, Ga,
and N across the interface by the EELS scan, representing an even
distribution of these elements in different layers.

The core levels of the B 1 s and Ga 2p signals were adopted in the
process of the evaluation of the VBO result at the B0.14Al0.86N/GaN
heterointerface. Following the procedure firstly described by Kraut
et al. [19], the VBO (ΔEv) at the B0.14Al0.86N/GaN heterointerface can
be estimated by the equation as below:

= − − − + −ΔE (E E ) (E E ) (E E )v B1s
BAlN

VBM
BAlN

Ga2p3/2
GaN

VBM
GaN

Ga2p3/2
BAlN/GaN

B1s
BAlN/GaN

(1)

The term of −E EB1s
BAlN

VBM
BAlN is the core level of the B 1 s which can be

extracted in accordance to the valence band maximum (VBM) in the
Sample A.

Fig. 3(a) presents the B 1 s CL signal acquired from the B0.14Al0.86N
layer has two different peaks. The peak energies of 190.4 eV and
191.8 eV correspond to the B and oxidized B complex in the B0.14Al0.86N
layer [20]. The oxidized B signal could origin from the sample trans-
ferring process to the XPS chamber which is inevitable. The VBM in the
B0.14Al0.86N layer was extracted to be around 2.3 eV. As a result, re-
garding the B0.14Al0.86N layer, the difference between the CL of B 1 s
and its VBM [ = −Δ E E EB1s

BAlN
VBM
BAlN ] is determined to be 188.1 eV. Simi-

larly, we collected the CL spectrum of Ga 2p3/2 and the VBM and extract
their difference [ = −ΔE E EGa2p

GaN
VBM
GaN ] to be 1114.8 eV for the GaN layer,

as displayed in Fig. 3(b). Lastly, the CL energy separation between the B
1 s and the Ga 2p3/2 signal from Sample C was measured. Fig. 3(c)
presents the CL of the B 1 s located at 190.5 eV along with the oxidized
B peak position at 192.1 eV. The Ga 2p3/2CL energy is found to be
1117.3 eV. Therefore, the energy separation between the CLs of Ga 2p3/
2 and the B 1 s, based on the formula [ = −ΔE E EGa2p

BAlN/GaN
B1s
BAlN/GaN], is

calculated to be 926.5 eV.
Thereby, based on the Eq. (1), we can obtain the VBO in this het-

erojunction to be ̂= ±EΔ  -0.2 A 0.2 eVv . In consequence, after sub-
stituting the VBO value and the energy bandgaps of the semiconductors
B0.14Al0.86N (Eg=5.7 eV) [8] and GaN (Eg=3.4 eV) [23] based on the
Eq. (2), we can now determine the CBO (ΔEc) at the B0.14Al0.86N/GaN
heterointerface. And the CBO (ΔEc) is estimated to be 2.1 ± 0.2 eV.

= + −ΔE E ΔE Ec g v g
BAlN GaN

(2)

We compare this value with the value of ΔEc in conventional AlxGa1-
xN/GaN heterostructure as extracted below:

The bandgap of AlxGa1-xN is given by Ambacher et al. [21]:

= + − − −g x x x g x xE ( ) Â·Eg(AlN) (1 )Â·E (GaN) Â·(1 ) (3)

where we replace the bandgap values of the AlN (Eg=6.1 eV) and the
GaN (Eg=3.4 eV) of a AlxGa1-xN/GaN junction, the CBO of the AlxGa1-
xN/GaN heterojunctions is given by

= − −g gCBO E (x) VBO E (4)

where Eg(x) is the bandgap of AlxGa1−xN and Eg the energy bandgap of

Fig. 3. (a) The XPS spectra of B 1 s core-level and the VBM of the B0.14Al0.86N
layer in Sample A; (b) The Ga 2p3∕2CL and VBM of the GaN template in Sample
B; (c) The Ga 2p3∕2 and B 1 s CLs at the B0.14Al0.86N/GaN heterointerface
(Sample C).
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GaN. Thus, the fact that the energy band-offsets of the AlGaN/GaN
heterostructure can be taken as 70% (30%) for the conduction (valence)
band [22], we can calculate the CBO and VBO of AlxGa1-xN/GaN
structure. We found a significantly smaller CBO (1.4 eV) and larger VBO
(0.5 eV) in the Al0.75Ga0.25N/GaN heterojunction compared with these
values in theB0.14Al0.86N/GaN heterojunction, although the
Al0.75Ga0.25N has an identical bandgap of the B0.14Al0.86N alloy.

Then the experimental band alignments at the B0.14Al0.86N/GaN
junction is plotted, as described in Fig. 4. It is suggested that the
B0.14Al0.86N/GaN heterostructure has a type-I lineup behavior which
indicates that it can be used for light emitting devices. Particularly, due
to the larger CBO (2.1 eV) and nearly zero VBO in such junction com-
pared with a conventional AlN/GaN heterostructure in which the CBO
and VBO are 1.9 and 0.7 eV, respectively [23], we anticipate that the
UV-transparent B0.14Al0.86N alloy can act as a quantum barrier to have
a better electron confinement in the active region or as an electron
blocking layer (EBL) (as schematically shown in Fig. 5(b)). The
B0.14Al0.86N layer may facilitate hole injection in a blue and near-UV
light emitting diodes by replacing the widely-used AlGaN EBL layer (as
shown Fig. 5(a)), thus improving III-nitride light emitters’ performance.

Furthermore, the B0.14Al0.86N alloy can possibly offer the largest

CBO with the GaN layer in the application of HEMTs, thus we calculate
the band structure and the density of 2DEG of a B0.14Al0.86N/GaN
heterostructure and compare it with the conventional Al0.3Ga0.7N/GaN
and AlN/GaN heterostructures [7,24]. The thickness of the barrier layer
(B0.14Al0.86N, Al0.3Ga0.7N, and AlN) and GaN cap layer are chosen to be
25 and 2 nm [7]. The calculation was performed by using the self-
consistent coupled Schrödinger and the Poisson formulas in a com-
mercially available software APSYS provided by the Crosslight Software
Inc [25]. The potential profiles (band structures) and the distribution of
the 2-DEG density are displayed in the Fig. 6. Noticeably, we found that
the peak of the 2DEG concentration is drastically enhanced from
80×1018 cm−3 to 400×1018 cm−3, and then to 680×1018 cm−3 by
using the Al0.3Ga0.7N, AlN, and B0.14Al0.86N as the barrier, respectively.
Even though the increase of the 2DEG is quite attractive if we replace
the conventional Al0.3Ga0.7N barrier by the B0.14Al0.86N, we must take
into account the critical thickness of the barrier layer. Its impact on the
interface quality needs to be ascertained in a real device because it has a
significant influence on the mobility and 2DEG density in such het-
erostructure. In a real HEMT, an AlN intermediate layer will be inserted
in conventional Al0.3Ga0.7N/GaN-based device, leading to a significant
enhancement of the mobility due to the removal of alloy scattering
[26,27]. Previous study has proved that the mobility of carriers can be
achieved up to 2100 cm2/Vs because of the reduced electron spillover
into the Al0.3Ga0.7N layer and smaller alloy scattering [28]. Therefore,
we can replace the AlN interlayer by the BAlN interlayer in an
Al0.3Ga0.7N/GaN-based HEMT structure as well. Experimental in-
vestigations are being carried out and will report in future.

4. Conclusions

In this work, we have demonstrated the material growth and the
detailed structural characterization of a B0.14Al0.86N/GaN heterojunc-
tion and proved that their interface was abrupt with epitaxial re-
lationship. The VBO between B0.14Al0.86N/and GaN is determined to be
−0.2 ± 0.2 eV, confirming a type-I band alignment. Furthermore, the
CBO value is also estimated to be 2.1 ± 0.2 eV. Such high CBO and low
VBO are the critical parameters to design group-III nitrides based light
emitters and power transistors. We provide two examples in exploring
such applications. For instance, the band offsets are promising to offer
significant electron confinement without hindering the hole injection in
a light emitting device. Moreover, they can be utilized in power device
due to the enhancement of the 2DEG in such junctions, showing its
potentials for the power electronics application.
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Fig. 4. Schematic of the band lineup for the B0.14Al0.86N/GaN heterointerface.
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Fig. 5. Schematics of a light emitting device using (a) a conventional AlGaN layer and (b) a BAlN layer as the EBL.
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